The objective of the study reported here was to develop a master slave system for catheter-guided vascular surgery conducted by interventional radiology. By using a master slave system, the surgeon is not exposed to x-rays during the operation because the master tool managed by an operator is located away from the slave tool, which is near the patient. The system must provide vivid realism to the surgeon, particularly with regard to force information, because this surgery is performed in three dimensions while the surgeon watches a two-dimensional monitor. In this study, we developed a training system for a catheter guide in order to upgrade the surgeon's skills because it is difficult to upgrade a master slave system without training. The system consists of a human interface device as the master tool, a control box, and a simulator. This training simulator is for the master slave system, which we developed. The master tool has a force display function using an electrorheological fluid. Two advantages of the fluid actuator are that it can be used without force feedback control and there is mechanical safety, as the surgeon does not experience any accidental force. An open loop control is used to achieve a simple mechanism and algorithm. Our results of preliminary experiments indicated that the output force achieved correlated with that sent from the PC. Three surgeons evaluated this training system under a variety of conditions. The operation of the master tool is simple. The thrust and rotation movements of the catheter can be handled instinctively and without complicated instructions. In addition, accurate force display, response, and stability were achieved with the electrorheological fluid. In the future, the training will need for a realistic depiction of interventional radiology, and the system provides accurate readings for aspiration and blood flow.
Introduction
Interventional Radiology (IR) is a minimally invasive surgery. Its use has increased in the last 20 years. IR requires a catheter approach through a blood vessel to the diseased area where the surgery is to be performed with the use of small tools. With this procedure, Digital Subtraction Angiography (DSA) is used to determine the position of the catheter within the body with a vascular contrast medium. DSA transmits a continuous x-ray that is used to determine the position of the catheter, and, as a result, medical personnel are exposed to x-rays even when protection is worn.
The motivation to conduct this study was the need to develop a Master Slave System (MSS) for catheter-guided IR surgery through the blood vasculature. The MSS is required to prevent the exposure of medical personnel to x-rays. The operator manages a master tool at a remote location from the slave tool, which is placed near the patient and under the DSA device.
The force display between the master and slave is important to warn the surgeons when a surgery error occurs. However, the force display is not only for patient safety. A surgeon can view the vasculature from within with the use of a monitor during the IR procedure; however, the picture is two-dimensional information, making it important to display the force in order to accurately estimate the image depth. In addition, the force display is used for error recovery as well as an assessment of the heartbeat, aspiration, and affected area. These innovations are used to achieve a higher degree of realism.
We have developed an MSS for interventional radiology [1] . However, generally, an MSS is difficult to adopt unless training is provided. Specialized training is necessary before this system can be adopted. Training to use the system is a problem due to its cost. A training system has been developed with virtual reality for cost reduction [2] . Research for the training system has indicated that training for catheterization effectively enhances the skill of the surgeon [3] . Therefore, for the purposes of this study, we developed a catheter simulator to use for teaching an advanced technique for catheterization.
The operation of catheter is possible to conduct the catheter movement in the twist and insertion direction [4] . During an IR procedure, the operator estimates the depth of the blood vessel while watching a monitor with two degrees of freedom. In this case, the force reflection is important to confirm the contact between the catheter and a blood vessel [5] . The force reflection is an advantage to the surgeon [6] . Therefore, the display of force assists the individual who places the catheter in the field of the blood vessel in three dimensions while viewing the monitor in two dimensions. As a result, patient safety is improved.
There are some previous studies involving catheter training systems [7, 8] . Most of these studies focus on catheter function and movement. However, none of the existing devices displays the force reflection or heartbeat [9] , and there are no specific interfaces to be used with force feedback [10] or to demonstrate differences in the actual IR image [11] .
Recently, Mentice, Inc. (www.mentice.com) developed a Procedicus Vascular Intervention System Trainer (VIST TM ). This system, as a treatment tool, displays force in three dimensions and accurately depicts a patient's ailment. The simulator, however, does not provide an accurate display of the heartbeat, blood flow, and aspiration.
For this study, the training system was developed for an existing MSS [1] . Furthermore, although the device requires specific instruments, such as a computer board, it is generally assumed that it can be used in conjunction with a common PC connected with a universal serial bus (USB). In addition, with the use of an IR, it should be possible to assess the heartbeat, blood flow, and aspiration.
Training simulator
A system overview is shown in Fig. 1 . The configuration diagram of the haptic device, console box, and simulator is shown in Fig. 2 . The haptic device is used to accurately recreate an IR procedure with two degrees of freedom for insertion and rotation. The catheter with a two-dimensional image is guided toward the target by the operator. The operators were able to sense heartbeat during the training sessions. 
Haptic device [1]
This haptic device, shown in Fig. 3 , has a ball screw; it rotates in synchronicity with all components and identifies the position of the thrust movement with the use of an encoder. The electrorheological (ER) fluid is placed in a case with a disk that is connected to a ball screw. The disk rotates with the ball screw, and the operator senses the force because of the resistance from the rotation caused by the voltage given to the ER fluid. The ER fluid is functional. It changes the shear viscosity or dynamic viscous elasticity according to the supplied electric field. This is the principle generating the force feedback. The ball screw is supported by bearings, and there are two seals used to retain the ER fluid within the case. When using it, the operator grasps the outer frame and moves the nut of the ball screw forward and backward as the thrust movement. At this moment, a disk rotates within the case. If the ER fluid changes viscosity, the disk reacts to the friction created. The fluid prevents smooth movement, and the operator senses force and torque from the ball screw. In comparison to an electric motor, the manner of force display is simpler in this system. The operator receives force feedback when the thrust shafts rotate with the disk. However, the contact points on the ball screw are the ball bearings and the seals so that the friction is at a minimum for the performance of the force feedback. The sensor for position is equipped with two encoders to detect the thrust (360[ppr]) and rotation (360[ppr]) direction.
The operator holds the nut of the ball screw with one hand and the outer frame with the other. The operator may conduct two movements. The axis of ball screw is directly connected to the encoder axis and to the disk for the force display. The Figure 3 : The haptic device has a ball screw that can rotate in synchronicity with all components and detect the position of the thrust movement using an encoder. The ER fluid is in a case with a disk that is connected to a ball screw. The disk rotates with the ball screw, and the operator can feel the force because of the resistance from the rotation caused by the voltage given to the ER fluid. 
Console box
The console box distributes the commands from the haptic device and the simulator. The catheter on the simulator moves on the basis of the information received from the console box. Moreover, the force on the catheter in the simulator is defined in the program and is then sent to the console box so that the collision force between catheter and the wall of the vessel and interference can be displayed to the operator. Generally, controls or measurements from a PC, such as those obtained from ER fluid, an encoder, or haptic devices, require specific instruments, such as a pulse counter or DA boards. However, the simulator considered here was intended for a general case because it is difficult to use a common PC due to its lack of the required instruments. This system can be connected to a PC with a USB port.
Modeling of IR

Modeling of catheter and wall of vessel
A dynamic model for simulation is shown in Fig. 5 . The blood vessel assumes a rigid body. When the catheter collides, the wall becomes deformed in the direction of insertion. The tip of the catheter is bent in order to determine the direction for the branch connection of the vessel. Furthermore, the catheter can also be deformed when it collides with a vessel. For realizing this condition, the catheter constructed discrete model that is connected contact point of rigid stick.
Collision force and simulator image
The collision force generally consists of elasticity and viscosity. However, this haptic device uses ER fluid for force reflection so that only viscosity was expressed. Only if viscosity reflection causes, the operator can sense the collision so that the patient's security can preserve because it is a passive force reflection. The image used is an angiographic picture [12] . The image was displayed on the simulation monitor with a texture mapping method of OpenGL. 
Collision detection
The coordinates of the parts of the wall of the vessel face on the image were extracted for collision detection. One of the links of catheter was assumed to be a segment of a line. The wall of the vessel was assumed to be a flat surface. The image of collision detection is shown in Fig. 6 . The collision is detected when one joint point put front side and when other joint point put behind side as condition of collision. The joint is indicated by a point, P 0 , on the vessel wall; the normal vector of the vessel wall is n; and the points at both ends are P 1 , P 2 . The collision detection is circulated from the inner product of P 0 P 1 , P 0 P 2 , and vector n. The condition equation is shown as Eq. (1).
When a collision occurs, the angle of P 0 P 1 and vector n will be blunt. The value of the inner product is negative. On the other hand, the angle of P 0 P 2 and vector n will be sharp so that the value of the inner product is positive. When this value is negative, a collision is detected; when it is positive, no collision is detected.
Catheter inflection
Although a catheter is generally made of a flexible material, such as nylon or polyurethane, in this study, the catheter model is a polyarticular link mechanism capable of inflection for simplification. As shown in Fig. 7 , the operator inserts the catheter in the direction of insertion, and the simulator detects the collision. 
Surgeon's evaluation
Three surgeons evaluated the training simulator under a variety of conditions. The haptic device was easy to use. The thrust and the rotation of the catheter could be handled instinctively by the surgeon without complicated instructions. The surgeons could use a suitable thrust velocity of the catheter because it could be controlled with the gain. When the catheter came in contact with the vascular wall, the surgeons could evaluate the pressure with the haptic device.
Conclusions
For this study, a training system was developed for an existing MSS. Moreover, a console box and a simulation program with a connected haptic device were developed. This system can be connected to a PC with a USB port. Its usefulness was assessed by surgeons. In the future, a simulator capable of more detail would enhance the practicality of the system.
